affects the degree of physical association between proliferating cell nuclear antigen (PCNA) and p300, an association that has been proposed to link DNA repair to chromatin remodeling. Together with the finding that human ING1 proteins bind PCNA in a DNA damagedependent manner, these data suggest that ING1 proteins provide a direct linkage between DNA repair, apoptosis, and chromatin remodeling via multiple HAT⅐ING1⅐PCNA protein complexes.
The ING1 candidate tumor suppressor gene expresses a family of alternatively spliced mRNAs encoding proteins that localize to the nucleus and that are growth inhibitory (1) (2) (3) (4) . The locus of ING1 maps to chromosome 13q33-34 (5), a site frequently associated with loss of heterozygosity in several types of cancers (6, 7) . In human cells, p47 ING1a and p33 ING1b are the major ING1 splicing isoforms expressed (8) , and p33
ING1b is the most intensively characterized isoform to date. Suppression of p33
ING1b expression promotes focus formation and growth in vitro, and tumor formation in vivo, while ectopic overexpression of this protein was shown to block cell cycle progression by arresting transfected cells at G 1 of the cell cycle (2, 4) . Clinical data have shown that reduced levels of p33
ING1b are seen in primary breast tumors (9) , lymphoid malignancies (10), testis (11) , and squamous cell cancers (12, 13) , consistent with ING1 acting as a class 2 tumor suppressor (14) . p33
ING1b also displays properties of a regulator of apoptosis in different experimental systems (15) (16) (17) (18) (19) (20) . Both the apoptotic and cell cycle regulatory properties of p33
ING1b may involve the tumor suppressor p53, with which p33
ING1b and the closely related p33 ING2 were found to be capable of physically and/or functionally interacting (16, 20 -22) . Finally, we have recently reported that p33
ING1b was able to bind to PCNA in a DNA damageinducible manner that was directly linked to the ability of p33
ING1b to induce apoptosis (17) . Recent studies suggest that human ING1 proteins might be involved in chromatin remodeling functions via physical association with both histone acetyltransferases (HATs) 1 and histone deacetylases (HDACs). We initially reported that an ING1 yeast homolog protein, Yng-2, was able to interact with Tra1 (23) , a protein that is part of HAT complexes such as SAGA and NuA4 (24, 25) . Recently, while Yng-2 was shown to be essential for a Nu4A-mediated HAT activity controlling cell proliferation (26, 27) , the human p33
ING1b was found to be functionally and physically linked to HDAC1 (28, 29) . Despite these observations, neither the biochemical role(s) of human ING1 proteins in HAT-related functions nor the biological significance of these functions is fully understood. Furthermore, there is no information published regarding the functions and biological properties of p47 ING1a , the other major human isoform of ING1. We have recently reported 2 that different ING1 proteins displayed isoform-dependent apoptotic properties correlated with differential binding affinity to chromatin. These observations led us to ask in the current study: (a) whether human ING1 proteins could physically associate with HATs in the same way as yeast Yng-2 associates with Tra1 (23); (b) whether human ING1 immunocomplexes were able to co-precipitate HAT activity; (c) whether different human ING1 isoforms would display differential HAT/HDAC properties correlated with their differential binding to HATs, and if so (d) whether these ING1 biochemical functions correlated with any apoptotic effect. Finally, since p33
ING1b was reported to be involved in UV-induced damage responses (30) , and we observed an UV-dependent physical interaction between ING1 proteins and PCNA (17) , which was functionally relevant for UV-mediated apoptosis (17), we asked (e) whether ING1 proteins could alter the recently noted association between p300 and PCNA (31) , an association that suggests a linkage exists between the repair of UV-damaged DNA and the global regulation of gene expression through histone acetylation (31) .
To address these questions, we have characterized the molecular, biochemical, and biological properties of the two major human ING1 isoforms, p47
ING1a and p33 ING1b , regarding their roles in functions related to the acetylation of chromatin. We present evidence indicating that similar to yeast ING1 immunocomplexes (23) , human ING1 immunocomplexes co-precipitate HAT activity. We show that ING1 proteins physically interact with proteins present in complexes containing HAT activity such as CBP, PCAF, p300, and TRRAP. TRRAP, the human homolog of yeast Tra1 which interacts with Yng-2 (23), is a 434-kDa c-Myc-interacting nuclear protein that binds the c-Myc amino terminus and the E2F-1 transactivation domain and is an essential co-factor for c-Myc and adenovirus E1A-mediated oncogenic transformation (32) ; TRRAP recruits at least one HAT, hGCN5, to a complex containing c-Myc (24, 33) .
These physical associations, HAT activities and biological properties associated with ING1 proteins, were found in the present study to be isoform-dependent. Overexpression of p33
ING1b , but not p47 ING1a , induced apoptosis and hyperacetylation of histones H3 and H4 both in vitro and in vivo at a single cell level. Conversely, ectopic up-regulation of p47
ING1a resulted in a decrease of the levels of histone acetylation in vitro and in vivo accompanied by no changes in the percentage of apoptosis compared with the empty vector control. In agreement with this observation, we have found that p47
ING1a avidly binds to the histone deacetylase HDAC1. Finally, we present evidence indicating that p33
ING1b affects the degree of physical association between PCNA and p300, an association that has been proposed to link DNA repair to chromatin remodeling functions (31) .
EXPERIMENTAL PROCEDURES
Cell Culture-Primary normal human diploid fibroblasts (Hs68; ATCC CRL#1635) and established human glioblastoma cells (SNB19; ATCC CRL#2219) were used in these studies, since Hs68 cells are phenotypically normal, and SNB19 cells have relatively high levels of endogenous ING1 proteins. For blocking HDAC activity (Fig. 6 ) a bolus of 5 mM sodium butyrate was added to the media for 24 h. For UVirradiation experiments (Fig. 3) , cell plates were rinsed thrice with PBS and exposed to UV (25 J/m 2 ) as described previously (17, 18) . Plasmids and Transfections-ING1 cDNAs (8) were subcloned into pCI vector (Promega). All experiments included parallel controls of cells transfected with green fluorescent protein (GFP) (CLONTECH) expression plasmids to determine the proportion of transfected cells. Cells were electroporated as described previously (17, 18) . For Western blots (Fig. 6 ), cells were co-transfected with ING1 and GFP expression constructs at an ING1:GFP plasmid ratio of 4:1.
Antibodies, Immunoprecipitation, and Western Blot Assays-ING1 polyclonal rabbit antibodies (2, 34) , the four mouse CAb ING1 monoclonals (35) , and the c-Fos mouse monoclonal antibodies (36) have been characterized previously. We also used rabbit polyclonal anti-acetyllysine (New England Biolabs #9441S and Upstate Biotech #06-933), anti-CBP (Santa Cruz #sc-583), anti-PCAF (Santa Cruz #sc-6301), antip300 (Santa Cruz #sc-584), anti-TRRAP (33) , and goat polyclonal anti-GCN5 (Santa Cruz #sc-6302) antibodies. Both rabbit and mouse anti-ING1 antibodies were raised against a GST-ING1 fusion protein and both recognize native and denatured forms of p33
ING1b and p47
ING1a
, as well as the truncated p24
ING1c isoform (8, 35 Microscopy and Microinjection of Somatic Cells-Cells were cultured, microinjected, fixed, and mounted as described (17, 37) . Acetylated histones were visualized using the above-mentioned antibodies according to the supplier's recommendations. After washing, cells were incubated with the secondary antibodies goat anti-rabbit IgG (Cy3, Chemicon) or goat anti-mouse IgG (Alexa 488, Cedarlane or Cy5, Chemicon). After rinsing, the samples were mounted in 1 g/ml paraphenylenediamine in PBS, 90% glycerol that also contained the DNAspecific dye DAPI at 1 g/ml. Imaging was performed using a 14-bit cooled CCD camera (Princeton Instruments) mounted on a Leica DMRE immunofluorescence microscope. For signal density quantitation, the nuclear signal of acetylated histones was integrated for injected and non-injected cells, using ERGOvista v4.4 software.
FACS Analysis and Cell Sorting-For analysis of apoptosis, cells electroporated with ING1 expression constructs were harvested at 48 h, fixed in 70% ethanol/PBS, on ice for 1 h after which they were subjected to analysis or were kept at Ϫ20°C for no more than 1 week. Before analysis using a Becton Dickinson FACS scanner, ethanol was removed, and cells were resuspended in PBS for 10 min, after which they were pelleted, the PBS was removed, and the cells were treated with staining solution (5 g/ml propidium iodide (Sigma), 1 mg/ml RNase A (Roche Molecular Biochemicals) in PBS). Analyses of flow cytometry data were done using ModFit software (Verity Inc.). For preparation of lysates from ING1/GFP transfectants ( Fig. 6 ), electroporated cells were harvested at 48 h, rinsed in PBS, and kept alive in media containing 1% serum on ice until being sorted by FACS. Green cells (positive transfectants) were collected, harvested, and their lysates were used for Western blot experiments.
RESULTS

ING1 Proteins Associate with Specific
HATs-Based on our finding that a yeast ING1 homolog physically interacted with Tra1 (23), we asked whether human ING1 proteins would be able to bind to TRRAP, the human homolog of Tra1, as well as to other proteins of the GNAT and MYST HAT superfamilies (24, 32) . To test this hypothesis, we made use of immunoprecipitation-Western (IP-W) assays. As shown in Fig. 1 , A-D, immunoprecipitation of endogenous ING1 proteins from lysates of SNB19 cells co-precipitated several HATs, including TRRAP, PCAF, and CBP. Although we were able to find a weak physical association between ING1 proteins and PCAF, which is a member of the hGNC5 family of HATs (24), we were unable to find any interaction between ING1 proteins and hGCN5 (Fig. 1C) . To confirm that the interaction between ING1 and one of the HAT complex proteins was specific, we tested whether anti-CBP, but not rabbit preimmune control immunoprecipitates, was able to co-immunoprecipitate ING1 proteins. As shown in Fig. 1E , a weak but reproducible band in the anti-CBP lane corroborated the idea that the ING1-CBP interaction was specific. Similar results were obtained in primary fibroblast cells (data not shown). Because of this apparently weak association between CBP and ING1 proteins, we wanted to test whether this interaction was increased upon ectopic up-regulation of these proteins. For this purpose, we performed IP-W assays on lysates of primary human fibroblasts overexpressing these proteins upon co-transfection of constructs encoding CBP and either p47
ING1a , p33 ING1b , or empty expression vector (indicated as a, b, and v in Fig. 2 ). IP-W assays showed that while both ING1 isoforms bound CBP, p33
ING1b appeared to bind it much more avidly than p47 ING1a ( Fig. 2A) . To confirm that the difference in the affinity of ING1 isoforms by CBP was not due to different expression levels of these proteins (i.e. as a consequence of differences in the efficiencies of transfection), we performed anti-ING1 (Fig. 2B ) and anti-CBP (Fig. 2C) Western assays on the total lysates used in Fig. 2A . As shown in Fig. 2 , B and C, the level of CBP was very similar in the three lanes, and the levels of both p33
ING1b and p47 ING1a were also similar, confirming that the difference in the binding affinity of ING1 isoforms for CBP was not an artifact due to variable transfection or expression efficiencies.
ING1 Proteins Bind to p300 and PCNA, Regulating the Association between These Proteins in an UV-inducible MannerSince ING1 proteins were able to bind to CBP (Figs. 1 and 2) and to PCNA (17) , CBP is closely related to p300 (38 -40, 45) , and a recent report has indicated that p300 was able to bind PCNA through an unidentified nuclear protein (31), we asked whether p47
ING1a and/or p33 ING1b bound p300, and if so: (a) whether ING1 proteins would be present in the same complex as p300 and PCNA and (b) whether altering the levels of cellular ING1 proteins would affect the interaction between p300 and PCNA. To address the first point, we performed p300 and ING1 IP-W assays on lysates of primary human fibroblasts transiently transfected with ING1 expression constructs. As shown in the leftmost panel of Fig. 3A , we found that ING1 proteins bound p300 in an isoform-dependent manner. Antip300 immunoprecipitates contained p33
ING1b , but not p47 ING1a . Since it was recently reported that p33 ING1b was able ING1b (A). Also note that overexpression of p33
ING1b decreases the amount of PCNA recovered in p300 immunoprecipitates after UV irradiation (B), suggesting that high levels of p33
ING1b might physically interfere with the p300-PCNA interaction.
to bind to HDAC1 (28, 29), we used anti-HDAC1 antibodies as positive control for our IP-W assay. Data shown in the second panel of Fig. 3A confirmed the reported association between p33
ING1b and HDAC1 in our normal human fibroblast model and demonstrated a novel and robust physical interaction between p47 ING1a and HDAC1. To test whether increased levels of p33
ING1b could affect the formation of p300⅐PCNA complexes (31), we followed a similar strategy. Since p33 ING1b and PCNA associate in an UV-inducible manner (17), we tested for the presence of PCNA and ING1 proteins in anti-p300 immunoprecipitates from lysates of ING1 transient transfectants subjected to UV-irradiation (Fig. 3,  B-D) . Fig. 3C shows that ING1 transfection resulted in the expected overexpression of p47
ING1a and p33 ING1b in the absence and in the presence of UV. Fig. 3D shows that PCNA levels were not altered appreciably under these conditions. Aliquots of the same cell lysates blotted in Fig. 3 , C and D, were immunoprecipitated with anti-p300 antibodies, and immunoprecipitates were blotted with anti-PCNA antibodies (Fig. 3B) . As shown in Fig. 3B , p300 and PCNA were found together in complexes that were not altered by UV alone (lanes with vector transfected) as reported previously (31) . However, while high levels of p47
ING1a did not appreciably alter the amount of PCNA complexed with p300, and low levels of p33
ING1b had a modest effect, overexpression of higher levels of p33
ING1b selectively interfered with the p300-PCNA interaction following UV exposure (compare lane bϪ to lane bϩ in Fig. 3B ). (Figs. 1-3) , and yeast ING1 immunoprecipitates contained HAT activity (23), we asked whether human ING1 immunoprecipitates contained HAT activity. For this purpose, we made use of an in vitro HAT assay in which anti-ING1 immunoprecipitates were incubated with purified histones in the presence of [ 3 H]acetyl-coenzyme A, after which the level of histone acetylation was determined by polyacrylamide gel electrophoresis (PAGE) followed by fluorography. This activity was assayed on anti-ING1 immunoprecipitates from fibroblast lysates of cells that were untransfected (Fig. 4A) or transfected (Fig. 4, B-D) with ING1 expression constructs encoding p33
ING1 Immunoprecipitates Contain HAT Activity-Since human ING1 proteins interacted with HATs
ING1b and p47 ING1a (indicated as b and a, respectively, in Fig. 4, B-D) . Fig. 4A was overexposed to demonstrate that even though Fos has been reported to bind to CBP (41), Fos antibodies precipitated less than 10% of the HAT activity seen in ING1 immunoprecipitates, consistent with ING1 isoforms associating with multiple HAT complexes. This HAT activity was ING1-specific, since blocking the anti-ING1 antibodies by preincubation with a GST-ING1 fusion protein markedly decreased this co-precipitated HAT activity (Fig. 4A, compare ␣I with ␣IϩP) . (Figs. 2 and 3) , we asked whether different isoforms of ING1 co-precipitated different HAT activities, and if so, whether it was possible to alter the amount of co-precipitable HAT activity by ectopically increasing the protein levels of these isoforms. For this purpose, human fibroblast cells were transfected with empty vector or with expression constructs encoding p33
Different ING1 Isoforms Are in Complexes Displaying Different Histone Acetylation Properties-Since ING1 isoforms differentially interacted with different HATs
ING1b or p47 ING1a (indicated as v, b, and a, respectively, in Fig. 4, B-D) . As shown in Fig. 4B , overexpression of p33
ING1b allowed recovery of slightly greater amounts of HAT activity in anti-ING1 immunoprecipitates compared with cells transfected with empty vector. In contrast, overexpression of p47
ING1a reduced the recovery of anti-ING1-associated HAT activity from cell lysates (Fig. 4B) . This effect might be due to overexpression of p47
ING1a acting to competitively inhibit the binding of endogenous p33
ING1b either to HAT complexes or to ING1 antibodies. As shown in Fig. 4C , a Coomassie staining assay for histone substrate proteins of the autoradiogram of Fig. 4B confirmed that these differences in the amounts of HAT activity precipitated by the different ING1 isoforms were not due to differences in the amounts of substrate during the HAT assays. As shown in Fig. 4B , similar results were obtained by quantitation of HAT activity from total lysates of ING1 transfectants. These data are consistent with data of Fig. 1 and support the idea that ING1 proteins contribute to the regulation of multiple HAT complexes. The magnitudes of these differences, as estimated by scanning densitometry, were on average a 60% increase and a 45% decrease for ING1b-and ING1a-transfected cells, respectively, but these relatively modest changes are most likely due to low transfection efficiencies of human fibroblasts that typically range from 10 to 40%. Vivo-Since in transfection experiments only a subset of cells typically takes up DNA, we followed a needle microinjection approach combined with immunofluorescence studies to visualize, at the individual cell level, changes in acetylation of histones upon ectopic up-regulation of ING1 isoforms. Fig. 5 shows four fields of human fibroblasts coinjected with a GFP expression construct (used as a positive coinjection marker) and either p47
ING1 Proteins Regulate Acetylation of Histones H3 and H4 in
ING1a (Fig. 5, A-D) , p33 ING1b (Fig. 5 , E-L) or empty vector (Fig. 5, M-P) . 24 h after injection, cells were fixed and stained with DAPI to identify nuclei and immunostained to detect both ING1 expression and either acetylation of histone H4 (Fig. 5 , A-H and M-P) or histone H3 (Fig. 5, I-L) . As shown in Fig. 5 , E-L, cells microinjected with p33
ING1b expression constructs (thick arrows) displayed increased staining for acetylated histones H4 and H3 compared with both uninjected cells (thin arrows) and cells injected with empty vector (thick arrows in Fig. 5, M-P) . In contrast, cells microinjected with p47
ING1a constructs (thick arrows in Fig. 5 , A-D) showed decreased staining for acetylated H4 compared with either uninjected cells (thin arrows in Fig. 5, A-D) or cells injected with empty vector (thick arrows in Fig. 5, M-P) . The statistical analysis of these fluorescent intensities is summarized in Fig.  5Q , which shows the means of staining intensities of ten randomly chosen injected cells for each ING1 expression construct.
Overexpression of p33
ING1b increased the fluorescent intensity associated with acetylation of histone H3 and H4 by 2.7 and 2.8-fold, respectively, while p47
ING1a reduced these intensities by ϳ0.5-fold compared with cells injected with empty vector. Although we do not consider these values entirely quantitative due to the constraints of immunofluorescence and the limited number of cellss that it was practical to examine, microinjection of CBP expression constructs resulted in a relatively similar increase in acetylation compared with p33
ING1b (ϳ5-fold, data not shown).
Ectopic Down-regulation of p33 ING1b Decreases the Level of Histone Acetylation-To examine the effects of altering the levels of p33
ING1b on histone acetylation using an independent method, we electroporated Hs68 cells with a GFP expression construct together with ING1 expression constructs, after which positive transfected cells were identified and sorted by FACS. These sorted cells constituted the starting material for Western blots (biochemical studies) and apoptosis assays (biological studies). As shown in Fig. 6 , Western blot assays performed on total lysates of sorted ING1 transfectants showed that ectopic up-regulation of p33
ING1b increased the level of acetylated histones as judged by co-migration of purified histones. Conversely, ectopic down-regulation of p33
ING1b reduced the level of histone acetylation in agreement with data from Figs. 4 and 5, indicating that a direct correlation between HAT activity and p33
ING1b levels exists. These p33 ING1b -mediated HAT effects were further increased in the presence of the HDAC inhibitor sodium butyrate, suggesting that sodium butyrate might target molecules other than those activated by p33 ING1b , perhaps through inhibition of other isoforms of ING1 such as p47 ING1a , which avidly binds HDAC1. Alternatively, the inhibitor may serve to abolish the proposed HDAC-associated properties of p33
ING1b (28, 29) . Table I transfectants displayed an increased sub-G 1 peak, indicating the presence of an apoptotic component (Fig. 7) . These observations were in agreement with recent 2 and previously published data (15) (16) (17) (18) (19) (20) describing the presence of apoptotic DNA breaks (assayed by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling) and DNA-agarose gels), apoptotic nuclear morphology (assayed by chromatin staining), and increased sub-G 1 content (assayed by flow cytometry) in p33
ING1b transfectants. Although p47 ING1a did not induce apoptosis and does not induce, but instead inhibits HAT activity in our model, the ideal negative control to demonstrate a direct link between p33
ING1b -mediated HAT activity and 
